INTRODUCTION
============

In addition to the three conserved retroviral protein precursors Gag, Pol and Env, the human immunodeficiency virus type 1 (HIV-1) encodes several regulatory (Tat, Rev and Nef) and auxiliary proteins (Vif, Vpr and Vpu), which are known to modulate the host environment and regulate the efficiency of viral replication and transmission ([@B1])*.* The HIV-1 virion infectivity factor (Vif), is a 23 kDa basic protein of 192 amino acids ([@B2]) that is absolutely required for productive infection of some cell types, named \`non-permissive', such as primary T-cells, monocytes and macrophages, ([@B3; @B4; @B5])*.* In those cells, Vif has been shown to efficiently counteract the antiviral activity of several APOBEC3 (APOlipoprotein B mRNA-editing enzyme catalytic polypeptide-like) cytidine deaminases by various mechanisms ([@B6],[@B7])*.* Among the members of this enzyme family, APOBEC3G (A3G) and A3F display the highest antiviral activity ([@B8; @B9; @B10; @B11; @B12; @B13])*.* In the absence of Vif, these antiviral factors are incorporated into budding virions and promote cytosine deamination during (−) strand DNA synthesis. Besides, HIV-1 DNA synthesis and integration can also be impaired by A3G/3F irrespective of their catalytic activity, suggesting that deamination is not the only determinant for antiviral activity ([@B6],[@B12],[@B14; @B15; @B16])*.* In non-permissive cells, Vif targets A3G/3F for degradation by the proteasome by recruiting an E3 ubiquitin ligase cellular complex composed of Elongin B (EloB), Elongin C (EloC), Cullin 5 (Cul5) and RING-box protein 2 (Rbx2) ([@B11],[@B17; @B18; @B19; @B20; @B21]). This is probably not the only mechanism used by Vif to neutralize A3G/3F antiviral effects. Indeed, it was observed that Vif can also (i) inhibit, directly or indirectly, packaging and antiviral activity of a degradation resistant A3G mutant ([@B22]); (ii) promote the incorporation of A3G into high molecular mass (HMM) complexes ([@B23]) and (iii) reduce intracellular expression of A3G ([@B24],[@B25])*.* In this context, we recently showed that Vif down regulates A3G translation by binding to the 5**′**-UTR region of its mRNA ([@B26]).

Vif protein consists in several functional domains ([Figure 1](#F1){ref-type="fig"}A). The N-terminal region corresponds to an RNA-binding domain, and contains discontinuous binding sites for A3G and A3F ([@B17],[@B27; @B28; @B29; @B30; @B31]). Interestingly, this domain is rich in highly conserved tryptophan residues ([@B32]) that confer an intrinsic fluorescence signal to Vif. It has been shown that Vif possesses an RNA chaperone activity ([@B33]) and binds specifically and cooperatively the 5**′**-end region of HIV-1 genomic RNA *in vitro* ([@B34],[@B35]) and in infected cells ([@B36],[@B37])*.* Next to these RNA and A3G/3F binding domains, the HCCH motif (residues 108--139) coordinates a Zn^2+^ ion ([Figure 1](#F1){ref-type="fig"}A). This motif, together with the following highly conserved ^144^SLQYLA^149^ domain ([@B38]) plays a crucial role in A3G/F protein inactivation ([@B39],[@B40]). Indeed, these regions bind directly to Cul5 and EloBC factors ([@B20],[@B41],[@B42]) ([Figure 1](#F1){ref-type="fig"}A), leading to A3G/F degradation by the proteasome ([@B43])*.* Next, region 151--164 encompasses the conserved proline-rich region ^161^PPLP^164^ that governs Vif multimerization ([Figure 1](#F1){ref-type="fig"}A) ([@B44],[@B45]). Indeed, Vif has been shown to self-associate and to form dimers, trimers and tetramers *in vitro* ([@B44],[@B46]), as well as in cells ([@B44]). This short domain was found to be crucial for Vif function and viral infectivity ([@B44],[@B45],[@B47]). Moreover, it can interact with A3G ([@B48],[@B49]), Cul5 ([@B39]) and HIV-1 reverse transcriptase ([@B50]). Recently, it was also observed that an intact PPLP motif is required for interaction with EloB ([@B51],[@B52])*.* In this context, it is conceivable that these functions are linked to the multimerization state of Vif. Finally, it was observed that Vif exists in both membrane-associated and cytoplasmic forms ([@B53]), and mutagenesis studies demonstrate that these functions could be attributed to the C-terminal basic domain of Vif, which also interacts with the Pr55^Gag^ precursor ([Figure 1](#F1){ref-type="fig"}A) *(*[@B47],[@B53],[@B54]). Figure 1.(**A**) Schematic representation of HIV-1 Vif domains required for interactions with viral and cellular partners. (**B**) Secondary structure of RNA sequences TAR, and its DNA analog, dTAR. Primary structure of fragment B2 encompassing genomic nucleotides 539--547, and its DNA analog dB2.

In the cytoplasm, Vif was also found to be a component of an RNP complex containing cellular and viral factors like genomic RNA and Pr55^Gag^ ([@B36],[@B37],[@B55]). Interestingly, these interactions with viral RNA and Pr55^Gag^ are responsible for Vif incorporation into viral particles ([@B55],[@B56])*.* Moreover, Vif(−) virions are affected in their morphology and reverse transcription ([@B57],[@B58]). The deficiency in proviral DNA synthesis could result from the destabilization of the viral core, suggesting that Vif association to RNA might mediate genome engagement with Pr55^Gag^ precursor in the assembly complex ([@B6],[@B59]).

While numerous studies contributed to investigate the multiple functions of Vif, there is still a lack of information concerning its tridimensional structure ([@B43])*.* To date, the only available 3D structure corresponds to peptide 139--179 in association with an EloB/C complex ([@B60])*.* Theoretical predictions provided structural information on Vif domains, and homology models and disorder prediction studies contributed to predict the overall tertiary structure of N- and C-terminal domains ([@B43],[@B46],[@B61],[@B62])*.* Recently, other studies combining circular dichroism (CD) and dynamic light scattering (DLS) provided conformational analysis of a peptide approximating the HCCH motif ([@B63],[@B64]) and the C-terminal domain of Vif ([@B65])*.* Nevertheless, there still remains a lack of structural information of Vif protein in its unbound state and in interaction with nucleic acids, as well. One of the major limitations resides in difficulties in expressing and purifying full-length HIV-1 Vif proteins. Here, we described the expression and purification of wild-type HIV-1 Vif protein and a mutant form in which the proline-rich domain leading to Vif multimerization was replaced by alanines (Vif AALA). Conformational investigations, secondary structure content and analysis of binding parameters to high-affinity RNA and DNA sites were characterized by biophysical techniques including DLS, CD and fluorescence spectroscopy. We provide evidence of unstructured regions in unbound Vif, and show that upon binding to the HIV-1 TAR apical loop, the unfolded content of Vif decreases. This was not the case for other primary binding sites. Interestingly, the alanine substitutions in the Vif PPLP motif did not significantly affect the overall secondary structure of the protein, but it decreased the binding affinity and specificity for nucleic acids. Finally, conformational analysis of ribonucleoprotein complexes showed that Vif oligomerization, as well as its binding to folding-promoting nucleic acids, are required to promote the formation of HMM complexes.

MATERIALS AND METHODS
=====================

Recombinant Vif proteins
------------------------

Expression plasmids pD10WT-Vif or pD10AALA-Vif were used to transform *Escherichia coli* BL21 cells as described earlier ([@B26]). Briefly, production of Vif proteins was induced by addition of 0.5 mM IPTG to log phase bacterial cultures (OD~600nm~ = 0.4--0.6). After 6 h at 22°C for wild-type Vif or at 16°C in the case of Vif AALA, bacteria were harvested by centrifugation at 4000*g* during 15 min, lysed in the denaturating lysis buffer (6M guanidine hydrochloride, 100 mM sodium phosphate, 10 mM Tris, pH 8) at room temperature and stirred overnight. Cellular debris was separated by centrifugation at 27000*g* during 30 min at 4°C and the cleared lysate was loaded onto a Ni-NTA agarose column (Invitrogen). The column was washed with the lysis buffer and elution was performed by pH decreasing (from 6.5 to 4.5). Fractions containing Vif proteins were analyzed on 12% SDS--PAGE and pooled. Proteins were then renatured by slow dialysis against buffers with decreasing guadinium chloride concentration, and finally against a buffer containing 50 mM MOPS pH 6.5, 150 mM NaCl, 10% glycerol. This last buffer was supplemented with 550 mM arginine during the dialysis step to avoid the precipitation of Vif AALA protein. As both wild-type Vif and Vif AALA tend to aggregate, protein stock solutions were centrifuged at 100 000*g* for 30 min at 4°C immediately prior to use. The protein concentration in the supernatant was determined spectrophotometrically and UV spectroscopy revealed that purified Vif proteins were not contaminated by nucleic acids.

Size exclusion chromatography
-----------------------------

Gel filtration chromatography was performed at 25°C on a Superdex 75 (Pharmacia) in an AKTA purifier FPLC (GE Healthcare Biosciences, UK). The running buffer was 50 mM NaCl, 50 mM MOPS, 10% glycerol, 0,5 mM Tween-80, 2 mM DTT for wild-type Vif protein and 150 mM NaCl, 50 mM MOPS, 10% glycerol, 2 mM DTT for Vif AALA protein. The gel filtration column was calibrated in the different buffers used for analysis with molecular mass markers (thyroglobulin 670 kDa, bovine γ-globulin 158 kDa, chicken ovalbumin 44 kDa, equine myoglobin 17 kDa and vitamine B12 1350 Da). Protein elution was monitored at 280 nm and results were analyzed using Unicorn software (version 4.11).

RNA and DNA oligonucleotides
----------------------------

Plasmid pHXB2 was used as a template to amplify 500 bp DNA fragments corresponding to the 5′-UTR (RNA A), a part of *gag* gene (RNA B), and 3′-UTR (RNA H) regions of the HIV-1 genome. Pairs of sense and antisense primers were used in PCR reactions and products were digested and inserted into pUC18 as described in ref. ([@B34]). Plasmids were linearized and used as template for *in vitro* transcription with bacteriophage T7 RNA polymerase. Reaction mixture was incubated with RNase-free DNase I (Qbiogen), extracted with phenol, and precipitated in ethanol. RNAs were then purified by FPLC (Amersham Biosciences Inc.) and dissolved in water.

Three RNA oligonucleotides corresponding to a C~10~ sequence, the TAR apical loop and RNA B2 (a single-stranded sequence located between nucleotides 539 and 546 of the HIV-1 genomic RNA) ([@B35]) ([Figure 1](#F1){ref-type="fig"}B) were synthesized by Microsynth (Balgach, Switzerland) and purified by anion exchange HPLC on a nucleo-PAC PA-100 column (Dionex Co). Their DNA counterparts were synthesized and purified by reverse-phase HPLC (ThermoFisher Scientific, Ulm-Germany).

Diffusion light scattering
--------------------------

Wild-type Vif and Vif AALA samples were prepared in 50 mM MOPS, 150 mM NaCl, pH 6.5 at a final concentration of 15 µM. Intensities of scattered light and correlation times were measured with a Zetasizer Nano S (Malvern, UK). Measurements were performed in a single 50 µl trUView cuvette (Biorad Laboratories, CA, USA), maintained at 25°C. Diffusion light scattering **(**DLS) fluctuations of the scattering intensity due to Brownian motion were recorded at microsecond time intervals. An autocorrelation function was derived, thus leading to the determination of diffusion coefficients. Assimilating proteins in solution to spheres, diffusion coefficients were related to the hydrodynamic radius of the particles, R~h~ via the Stokes--Einstein equation: in which *k* is the Boltzmann constant, *T* the temperature (K), µ the solvent viscosity and *D* the translational diffusion coefficient. All experimental data were corrected for solvent viscosity (measured with a 3.5 ml micro-Ubbelohde capillary viscosimeter tube from Schott, Germany), and refractive index (measured with an Abbé refractometer). Size measurements by DLS have been used to monitor the assembly of Vif proteins and oligonucleotides. Increasing amounts of nucleic acids (protein/nucleic acid ratio, *R* varying from 0 to 2) were added to a fixed amount of wild-type Vif protein (between 10 and 15 µM). Scattering data of Vif proteins and protein/oligonucleotide complexes were then analyzed using DLS analysis software (Malvern, UK).

Circular dichroism
------------------

Wild-type Vif and Vif AALA (10 µM) protein samples were prepared anaerobically in 50 mM MOPS, 150 mM NaCl, pH 6.5 at a final concentration of 15 µM. Far-UV CD spectra (190--250 nm) were measured in a Jasco J-810 spectropolarimeter (Jasco Inc., Easton, MD, USA). Samples were placed in rectangular quartz cuvettes of 2-mm path length maintained at 20°C. Spectra were acquired at 50 nm/min with a time constant of 1s and band-width equal to 1. Each spectrum represents the average of 15 successive baseline-corrected scans. The mean residue molar ellipticity \[Θ\] was determined according to: where Θ is the measured ellipticity in millidegrees, *M*~R~ is the mean residue mass, λ the optical path length and *c*, the protein concentration. For wild-type Vif, equimolecular amounts of nucleic acid were added directly in the cell measure. Corresponding spectra were corrected for nucleic acids absorbance and ellipticity. Deconvolution of far-UV CD spectra and consequent secondary structure of proteins content was estimated by Dichroweb (<http://dichroweb.cryst.bbk.ac.uk/html/home.shtml>).

Steady state fluorescence measurements
--------------------------------------

Fluorescence measurements were recorded in quartz cells at 20 ± 0.2°C on a Fluoromax-4 fluorometer (HORIBA Jobin-Yvon Inc., NJ, USA). The excitation wavelength was set at 295 nm for selective excitation of Trp residues. The emission wavelength was scanned from 310 to 450 nm; the integration time was 0.1s, and the excitation and emission bandwidths were 5 nm. Fluorescence titrations were performed by adding increasing amounts of nucleic acid to 100 nM Vif in 30 mM Tris--HCl (pH 7.5), 200 mM NaCl and 10 mM MgCl~2~. Fluorescence intensities were corrected for buffer fluorescence and dilution effect.

To determine the binding parameters of Vif proteins to genomic RNA fragments, we measured the decrease of the fluorescence intensity, *I*, at a fixed concentration of protein in presence of increasing RNA concentrations. The fluorescence intensity was then converted into the intrinsic fluorescence quenching *Q~obs~ :* with *I*~0~ corresponding to the protein fluorescence intensity in absence of nucleic acid.

Scatchard equation was used to fit the protein/nucleic acid titration data ([@B66]): where *L* corresponds to the free protein concentration which is obtained by:

Finally, the average number of protein bound per oligonucleotides was determined using: where *L*~t~ and *N*~t~ correspond to the total concentration of protein and oligonucleotide, respectively, and *I*~f~ is the fluorescence intensity at the *plateau* when all the proteins are bound to the nucleic acid.

The model of McGhee and von Hippel for cooperative binding ([@B67]), was used to fit protein/genomic RNA fragment titration data: with

Where *n* corresponds to the number of consecutive nucleotides occluded upon binding of one ligand, and ω, to the cooperativity parameter. Because the McGhee and von Hippel ([@B67]) model was derived with the simplifying assumption of an infinite lattice of binding sites, we introduced a correction factor taking into account the finite lattice size, *N*. The correction merely amounts to multiplying Equation [7](#M7){ref-type="disp-formula"} by the factor (*N−n*+1) / (*N*) ([@B68]). Curve fitting was performed using Mathematica software (Wolfram Research Inc, Champaign, IL, USA).

RESULTS
=======

The PPLP motif contributes to Vif oligomerization
-------------------------------------------------

We first focused on Vif protein characterization, and in particular, we wished to establish the impact of the PPLP motif on Vif self-association. Prior to each analysis, proteins were centrifuged as described ([@B26]) and soluble fractions were used to determine the oligomerization state of the proteins by size exclusion chromatography and DLS. Wild-type Vif protein had an apparent molecular weight of 209 kDa ([Figure 2](#F2){ref-type="fig"}A), as judged by its elution volume from the size exclusion chromatography column (11.25 ml), suggesting that Vif is organized as a complex of about nine proteins ([Figure 2](#F2){ref-type="fig"}C). On the contrary, Vif AALA assembles as a complex of 76 kDa ([Figure 2](#F2){ref-type="fig"}B), thus containing about three proteins ([Figure 2](#F2){ref-type="fig"}C). Next, we characterized Vif proteins by DLS. Assuming that Vif proteins in solution can be considered as spherical particles, the diffusion coefficient could be related to their hydrodynamic radius *via* the Stokes--Einstein equation (Equation[1](#M1){ref-type="disp-formula"}). For wild-type Vif, we observed a mean radius of 5.3 ± 0.6 nm ([Figure 3](#F3){ref-type="fig"}A), which corresponds to about 5--8 Vif proteins. Differently, Vif AALA mutant protein showed a mean radius of 3.2 ± 0.3 nm, which can most likely be assigned to protein dimers ([Figure 3](#F3){ref-type="fig"}B). Altogether, both techniques gave similar results and showed that proline to alanine substitutions strongly reduce the capacity of Vif to multimerize, and demonstrate that the PPLP motif contributes to the oligomerization of the Vif protein. However, the mutant protein was still able to dimerize, indicating that other regions of Vif also contribute to multimerization. Figure 2.Size exclusion chromatography on wild-type and mutant Vif proteins. Elution profiles of Vif wild-type (**A**) and Vif AALA (**B**) are represented together with protein standards. (**C**) The molecular weights (log) are plotted against elution volumes calibrated using molecular weight standards. Measured molecular weights of Vif wild-type and Vif AALA give 209 kDa and 76 kDa, respectively, corresponding to about 9 and 3 Vif proteins in each complex. Figure 3.Diffusion light scattering profiles of wild-type Vif (**A**) and Vif AALA (**B**) proteins. (**A**) Mean radius for wild-type protein was 5.3 ± 0.6 nm, which corresponds to polymers containing 5 to 8 Vif proteins. (**B**) Vif AALA proteins showed a mean radius of 3.2 ± 0.3 nm, mainly corresponding to dimers of Vif.

The oligomerization state of Vif influences neither its secondary structure nor its fluorescence properties
-----------------------------------------------------------------------------------------------------------

Because amino acid changes can often affect secondary structure of proteins, we next analyzed wild-type and Vif AALA proteins by UV-CD spectroscopy to determine their secondary structural content. Analysis of the UV-CD spectrum for wild-type protein revealed that the HIV-1 Vif contains 41.5% β-sheet, 6.5% α-helix, 40% random coil, and the remaining 12% are turns ([Figure 4](#F4){ref-type="fig"}A). The secondary structure content of Vif AALA protein was rather similar: we observed nearly identical fractions of β-sheet (42%) and random coil (46%), and a slight decrease in α-helical content (5%), and turns (7%). Taken together these data suggest that mutation of the proline-rich domain in Vif does not significantly affect the overall secondary structure of the protein ([Figure 4](#F4){ref-type="fig"}A). Figure 4.Influence of Vif oligomerization on its secondary structure content and fluorescence properties. (**A**) Far-UV-CD spectra of wild-type (green) and AALA mutant (blue) Vif proteins. Proteins were prepared at a final concentration of 10 µM. (**B**) Emission fluorescence spectra of free Trp amino acid (dashed line), free Vif AALA protein in solution (solid line) and in complex with TAR fragment (dotted line). Excitation wavelength was set at 295 nm.

Trp residues constitute very sensitive probes for investigating protein/nucleic acid interactions because of their high quantum yield and sensitivity to the physicochemical environment ([@B69]). Vif contains six Trp residues in its N-terminal domain, which corresponds to the RNA binding region ([@B37]) ([Figure 1](#F1){ref-type="fig"}A)*.* We have observed earlier that after selective excitation of Trp residues at 295 nm, the emission spectrum revealed a maximum at 338 nm ([@B35])*.* Vif AALA presented its maximal emission at 340 nm ([Figure 4](#F4){ref-type="fig"}B). Free Trp amino acid in solution displayed a fluorescence emission maximum at 350 nm, and the blue shifts of the emission maximum of wild-type and Vif AALA revealed that Trp residues in both proteins are mainly located in a non-polar environment ([@B70]). This shows that mutation of the Vif PPLP motif does not significantly interfere with the local environment of Trp residues. Moreover, upon nucleic acid binding, the wavelength of maximal fluorescence emission of Vif AALA was unchanged, whereas the fluorescence intensity decreased depending on the nucleic acid sequences and concentration ([Figure 4](#F4){ref-type="fig"}B).

Mutation of the PPLP motif of Vif decreases its affinity and specificity toward HIV-1 RNA
-----------------------------------------------------------------------------------------

We showed earlier that Vif is an RNA binding protein that binds specifically the 5′-terminal region of HIV-1 genomic RNA ([@B34],[@B35]). Here, we asked whether Vif multimerization is involved in this process. To this aim, we synthesized *in vitro* a set of genomic RNA fragments of ∼500 nt in length corresponding to parts of the *gag* coding regions (RNA A and RNA B) or containing the polypurine tract (PPT), which constitutes the primer for (+) strand DNA synthesis during reverse transcription (RNA H) ([Table 1](#T1){ref-type="table"}) ([@B34])*.* Reverse titrations were performed by adding small volumes of concentrated RNA solutions to a fixed amount of protein, and protein binding was monitored through the decrease of Vif AALA intrinsic fluorescence resulting from protein/nucleic acid complex formation. According to our earlier results ([@B35]), best fit of our experimental data was obtained with a cooperative model (Equation [7](#M7){ref-type="disp-formula"}) ([@B67])*.* Fluorescence titrations revealed a decrease of Vif AALA fluorescence of ∼70--75% ([Table 1](#T1){ref-type="table"}). Analysis of the equilibrium dissociation constants, *K*~d~, showed that Vif AALA had a similar affinity for RNA fragments A, B and H ([Table 1](#T1){ref-type="table"}). In addition, protein binding to RNAs A and B was moderately more cooperative (ω ∼85--110) compared with binding to RNA H (ω ∼65). Finally, the binding stoichiometry of Vif AALA, given by the intersection of the initial slope of the titration curves with the fluorescence plateau (data not shown), was about 10 Vif proteins for all RNAs. On the opposite, wild-type Vif protein displayed higher fluorescence quenching, affinity and binding cooperativity values for RNAs A and B (Qmax ∼77%, *K~d~* ∼45--55 nM, and ω ∼65--80) compared with RNA H (Qmax ∼ 47%, *K~d~* ∼165 nM, ω ∼17) ([@B35]). Moreover, ∼45 wild-type Vif proteins bound to RNAs A and B, and about 20 bound to RNA H ([@B35]). Taken together these results suggest that mutation of the PPLP motif significantly decreases the overall affinity and specificity of Vif for viral RNA. Table 1.Vif AALA and wild-type VIF binding parameters RNA genomic fragmentsRNA Genomic regionVIF AALAHIV-1 VIF*K~d~* (nM)[^a^](#TF2){ref-type="table-fn"}ω[^a^](#TF2){ref-type="table-fn"}*Q*%*K~d~*[^b^](#TF3){ref-type="table-fn"}ω[^b^](#TF3){ref-type="table-fn"}Q%[^b^](#TF3){ref-type="table-fn"}A1--49740 ± 7107 ± 287157 ± 768 ± 476B499--99637 ± 485 ± 157545 ± 480 ± 377H8625--918156 ± 960 ± 1171167 ± 617 ± 347[^2][^3][^4]

Vif AALA has lower affinity than wild-type Vif for minimal nucleic acids
------------------------------------------------------------------------

We previously identified and characterized several minimal high affinity binding sites of wild-type Vif to HIV-1 RNA fragments ([@B35]). Here, we analyzed the binding of Vif AALA to two of them: the apical region of the trans-activation responsive element (TAR), a stable stem-loop structure located at the 5′-end of the viral genome ([@B71]), and a single-stranded segment (B2) encompassing nucleotides 539--547 of HIV-1 *gag* gene ([Figure 1](#F1){ref-type="fig"}B). As a negative control, we analyzed Vif AALA binding to a C~10~ oligonucleotide, which was shown earlier to bind modestly wild-type Vif protein ([@B35]). According to our previous experiments ([@B35]), we expected that only one protein would bind to these oligonucleotides, and thus experimental data were fitted with a model for non-interacting ligands to a finite lattice (Equation [4](#M4){ref-type="disp-formula"}) ([@B66]). Data analysis revealed very similar binding parameters for TAR and B2 oligoribonucleotides (*K~d~* ∼32--37 nM, [Table 2](#T2){ref-type="table"}). Compared with wild-type protein, Vif AALA presented 3 to 4-fold lower affinity for TAR and oligo B2 (*K~d~* ∼9.5--13 nM, [Table 2](#T2){ref-type="table"}) ([@B35]). However, both proteins showed very similar equilibrium dissociation constants for C~10~ (*K~d~* ∼60 nM, [Table 2](#T2){ref-type="table"}). We next extended our analysis to DNA counterparts of these RNA minimal binding sites ([Figure 1](#F1){ref-type="fig"}B). Indeed Vif binding to DNA sequences might protect HIV-1 genome by neutralizing A3G/3F antiviral activity by competition mechanisms ([@B34]). Analysis of dissociation constants of Vif AALA for dTAR and dB2 showed similar *K*~d~ values (*K*~d~ ∼36−39 nM, [Table 2](#T2){ref-type="table"}) compared with their RNA analogs, and 3- to 4-fold weaker affinities (*K~d~* ∼9.5--11 nM, [Table 2](#T2){ref-type="table"}) compared with the wild-type protein ([@B35]). Finally, the affinity of Vif AALA for dC~10~ was almost 2-fold lower than the ones observed for dTAR and dB2 oligonucleotides ([Table 2](#T2){ref-type="table"}). Compared with the wild-type protein, Vif AALA showed a weaker affinity for specific RNA and DNA binding sites, indicating that the PPLP motif plays a significant role in the specificity of interaction with nucleic acids. Table 2.Characterization of Vif AALA and wild--type VIF binding to RNA and DNA oligonucleotidesVIF AALAHIV-1 VIF*K*~sca~ (nM)[^a^](#TF5){ref-type="table-fn"}*K*~sca~ (nM)[^a^](#TF5){ref-type="table-fn"}RNA DNARNA DNATAR/dTAR37 ± 136 ± 19.5 ± 2.2[^b^](#TF6){ref-type="table-fn"}9.5 ± 2.3[^b^](#TF6){ref-type="table-fn"}B2/dB232 ± 239 ± 213 ± 2[^b^](#TF6){ref-type="table-fn"}11 ± 2[^b^](#TF6){ref-type="table-fn"}C10/dC1061 ± 2 69 ± 259 ± 3 48 ± 2[^b^](#TF6){ref-type="table-fn"}[^5][^6][^7]

Interaction of wild-type Vif with RNAs promoting protein folding is a determinant of HMM complex formation
----------------------------------------------------------------------------------------------------------

We next analyzed the secondary structure content of wild-type Vif protein in association with equimolecular amount of RNA and DNA oligonucleotides. Corresponding CD spectra were first corrected for nucleic acids absorbance and ellipticity before analysis. When TAR oligoribonucleotide was added to wild-type Vif, changes in CD spectra indicated a significant decrease in random coil content (from 40% to 19%) and turns (from 12% to 7%,), while β-sheets secondary structures increased from 41.5% to 69.5% ([Table 3](#T3){ref-type="table"}), and proportion of α-helical forms slightly decreased (from 6.5% to 4.5%). Vif binding to B2 oligoribonucleotide was characterized by a 2-fold decrease of turns (12--6%) and a slight decrease in α-heliticity (2.5%); however, this was offset by a moderate increase in β-sheet (41.5--46%) and random coil (40--44%) content. Binding to C~10~ RNA gave only very slight changes in protein secondary structure content ([Table 3](#T3){ref-type="table"}). On the contrary, when dTAR was added to Vif protein, the changes in CD spectra indicated an increase in structured content (α-heliticity from 6.5% to 10%, and β-sheet from 41.5% to 54%, [Table 3](#T3){ref-type="table"}), in parallel to a decrease of turns and random coils (12% to 6% and 40% to 30%, respectively). In agreement with results obtained with RNA oligonucleotides, Vif binding to dB2 led to a moderate increase in secondary structure content. Finally, binding to dC~10~ produced only minor structural changes ([Table 3](#T3){ref-type="table"}). Table 3.Determination of secondary structure contents of wild-type Vif protein bound to RNA and DNA oligonucleotides*R*α-helical (%)β-sheet (%)Turns (%)Random (%)06.541.51240TAR14.569.5719B21446644C1015411143dTAR11054630dB218451235dC1016401242[^8]

We further characterized ribonucleoprotein complexes by DLS. Vif proteins were mixed with increasing amount of TAR and B2 oligoribonucleotides (molar ratio *R* varied between 0 and 2) and we measured the hydrodynamic radius of the complex. In the case of wild-type Vif protein, at the highest *R*-value, Vif/TAR complexes were characterized by a mean radius almost 2-fold higher than the one measured for Vif/B2 complexes under the same conditions ([Figure 5](#F5){ref-type="fig"}). On the contrary, in the case of Vif AALA, the radius of ribonucleoprotein complexes was similar for TAR and B2 sequences. Moreover, as expected from its oligomerization defect, the average size of Vif AALA/RNA complexes was lower than the one observed for wild-type Vif protein at equivalent molar ratio ([Figure 5](#F5){ref-type="fig"}). Taken together, these results are consistent with a model where binding of Vif to specific RNA binding sites, such as the TAR element, may help the protein to adopt a more structured, and probably functional, conformation. Moreover oligomerization and interaction with nucleic acids that induce protein folding are important determinants for the formation of HMM ribonucleoprotein complexes. Figure 5.Ribonucleoprotein complexes were characterized by DLS. Increasing concentration of wild-type Vif were added to various amounts of oligoribonucleotides TAR and B2 (R RNA/protein ratio varying between 0 and 2). Similarly, TAR and B2 were added to Vif AALA. Protein/nucleic acid complex formation resulted in increasing complex radius.

DISCUSSION
==========

HIV-1 Vif protein has been shown to form oligomers both *in vitro* and *in vivo* ([@B44],[@B46]). The multimerization of Vif involves a sequence mapping between residues 151 to 164 in the C-terminal domain, and more precisely the ^161^PPLP^164^ motif ([@B44],[@B45])*.* Interestingly, disruption of this domain inhibited A3G degradation, and consequently increased its incorporation into viral particles, resulting in a loss of viral infectivity ([@B44],[@B48],[@B49]). Recently the PPLP motif was found to be required for the assembly of an active E3 ubiquitin ligase complex by interacting with the C-terminal domain of EloB ([@B51],[@B52]). In this context, the oligomerization of Vif mediated by its proline-rich motif appears as an interesting target for developing therapeutic anti-HIV-1 drugs.

In this work, we expressed and purified wild-type HIV-1 Vif protein and a Vif mutant in which proline residues in the ^161^PPLP^164^ domain were replaced by alanines. In order to precisely establish the impact of these mutations on Vif oligomerization, conformation and nucleic acids binding properties, we first characterized the oligomerization state of Vif proteins. Assuming that proteins in solution can be assimilated to spherical particles, we could determine their hydrodynamic radius by DLS. This analysis confirmed that *in vitro* wild-type Vif forms multimers containing 5--8 proteins ([Figure 3](#F3){ref-type="fig"}A) ([@B44],[@B46]). The same analysis applied to Vif AALA revealed that mutation of residues 161--164 mainly resulted in the formation of Vif dimers ([Figure 3](#F3){ref-type="fig"}B). These results are in good agreement with the average molecular weight of wild-type Vif and Vif AALA determined by size exclusion chromatography ([Figure 2](#F2){ref-type="fig"}), which showed that the two proteins could be organized as a complex of about 9 and 3 proteins, respectively ([Figure 2](#F2){ref-type="fig"}C). Hence, even if oligomerization is considerably diminished in mutated proteins, it is not completely abolished, suggesting that regions outside the PPLP domain are also involved in protein--protein association. In this context, conformational analysis of a peptide corresponding to the HCCH motif of HIV-1 Vif showed that this Zn-binding domain could induce protein--protein interactions upon zinc binding*.* Indeed, metal binding increased formation of β-sheets, thus promoting protein self-association ([@B63]).

To gain insight into the secondary structure content of wild-type and mutant Vif proteins, we performed near-UV-CD spectroscopy. We observed that wild-type Vif contains nearly identical amounts of β-sheet (41.5%) and random coil (40%), only 6.5% α-helices and 12% of turns ([Figure 4](#F4){ref-type="fig"} and [Table 3](#T3){ref-type="table"}). The presence of large unfolded regions in Vif protein is consistent with previous studies, which provided evidence for the unstructured nature of its unbound C-terminal domain ([@B46],[@B61],[@B65],[@B72]). Natively unfolded regions confer high net charge and low overall hydrophobicity to proteins ([@B73])*.* Moreover, these unstructured domains are usually useful to mediate sequential/differential binding with multiple partners by inducing conformational changes for specific interaction ([@B74],[@B75])*.* Indeed, it has recently been shown that intrinsic unstructured regions of Vif could be important for its interaction with an E3 ubiquitin ligase complex ([@B64]) and with EloC, resulting in this case in α-helix folding ([@B51],[@B60]). Similar analysis on Vif AALA showed that both proteins have very similar secondary structure content, indicating that mutation of the proline-rich domain, which induces substantial changes of Vif quaternary structure, does not significantly affect its overall secondary organization ([Figure 4](#F4){ref-type="fig"}).

Cross-linking experiments showed that contrary to the mainly unfolded C-terminal region, the N-terminal domain possesses a well-defined topology ([@B46]). This domain contains highly conserved tryptophan residues ([@B32]) that allowed us to compare fluorescence profiles of free Trp amino acids in solution ([@B70]), and Trp residues in Vif AALA ([Figure 4](#F4){ref-type="fig"}B) and wild-type Vif proteins ([@B35]). Our results showed similar burial of those residues in wild-type and mutant proteins, suggesting that modification of the oligomerization state of Vif does not interfere with local environment of Trp residues, and consequently on the tertiary structure of Vif N-terminal domain. However, the replacement of prolines by alanines reduced the tendency of Vif to oligomerize in favor of protein dimers. Proline residues are known to form bends and kinks in proteins, and the PPLP motif could behave as a hinge between Vif domains leading to protein self-association. Our data support the idea that structural domains of Vif likely fold independently of each other, since alanine substitutions did not affect secondary and tertiary structure of the adjacent Vif domains. Moreover, the increased flexibility of the protein backbone due to alanine replacement would probably modify reciprocal spatial orientation of protein domains thus diminishing Vif tendency to oligomerization.

We previously showed that Vif specifically interacts with the 5′-region of HIV-1 genomic RNA ([@B34],[@B35]) and with A3G mRNA ([@B26])*.* In particular, Vif binding to the 5′-UTR of A3G mRNA might be crucial for down-regulating A3G translation and may participate, together with the proteasome pathway, in reducing its intracellular level. Moreover, the RNA chaperone activity of Vif was found to potentially influence temporal regulation of HIV-1 genomic RNA dimerization and reverse transcription ([@B33]). These results suggest that RNA binding plays a crucial role in Vif functions. In order to evaluate the incidence of Vif multimerization on its RNA binding properties, we characterized binding properties of Vif AALA to RNA fragments corresponding to various regions of HIV-1 genomic RNA ([Table 1](#T1){ref-type="table"}) and to previously identified high affinity binding sites ([Table 2](#T2){ref-type="table"}) ([@B35]). Globally, binding parameters analysis showed that alteration of the Vif PPLP domain reduces the overall affinity and specificity for RNAs ([Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}). Similar results were obtained when analyzing Vif AALA binding to DNA counterparts of the primary TAR and B2 binding sites ([Table 2](#T2){ref-type="table"}). These results are in agreement with a recent study showing that Vif AALA binds to A3G mRNA fragments with lower affinity and specificity ([@B26]). This loss of specificity and affinity for nucleic acid binding might affect functions of Vif that are based on RNA interactions, such as particle assembly and reverse transcription ([@B55],[@B58],[@B76]). In this regard, it was observed that mutations reducing Vif affinity for RNA, diminished viral replication in non-permissive cells ([@B37])*~.~*

Vif binding to the upper TAR stem-loop induces a significant folding of the protein ([Table 3](#T3){ref-type="table"}). Interestingly, increasing the β-sheet fraction could expose hydrophobic surfaces, and thus promote protein--protein interactions. DLS experiments on wild-type Vif associated to TAR showed HMM complexes likely induced by protein oligomerization. Remarkably, Vif association with oligonucleotide B2, which has a similar affinity for Vif ([@B35]), did not lead to a significant increase of secondary structure content ([Table 3](#T3){ref-type="table"}). Accordingly, the size of the Vif/B2 complexes showed a mean radius 2-fold lower than the one measured for Vif/TAR under the same conditions ([Figure 5](#F5){ref-type="fig"}). Thus, it is possible that the nucleic acid length influences Vif oligomerization ([@B77])*.* These results also would suggest the existence of a class of nucleic acid partners, which increases protein structure content upon binding and induces formation of HMM ribonucleoprotein complexes. Indeed, binding affinity should not be a determinant for this mode of protein/RNA interaction. Besides, different Vif/nucleic acids binding modes could correspond to different functions played by the protein during HIV-1 infection. We have previously proposed that Vif binding to viral RNA or DNA fragments could protect the genome from A3G/3F editing by a direct competition with these antiviral factors ([@B35]). Thus, despite the limited amount of Vif into viral particles, this tendency to oligomerization and to form ribonucleoprotein complexes would allow Vif to cover and protect viral nucleic acids. Moreover, we recently observed that mutations of the domain governing Vif multimerization reduced the overall affinity of the protein for A3G mRNA, but interestingly, without affecting its translation ([@B26]). Considering these new results, it would be conceivable that wild-type Vif would make use of this binding mode to inhibit ribosome scanning. Further *in vivo* studies would definitively shed light on molecular mechanisms involving the ability of Vif to bind nucleic acids and to form HMM ribonucleoprotein complexes. Unfortunately, we were not able to purify Vif AALA protein in sufficient amounts and under the conditions required for the CD analysis of protein/nucleic acid complexes. Nevertheless DLS analysis on Vif AALA binding to TAR and B2 sequences showed a similar size of ribonucleoprotein complexes in both cases. However, compared with wild-type protein, the average size of the protein/RNA complexes was almost 5-fold lower ([Figure 5](#F5){ref-type="fig"}), thus confirming that multimerization facilitates the formation of HMM ribonucleoprotein complexes.

Beyond the genomic RNA context, Vif could make use of this property to oligomerize and form ribonucleoprotein complexes to target A3G. Indeed, A3G was found to accumulate into punctate cytoplasmic structures described as P bodies or stress bodies ([@B78; @B79; @B80]), and analysis of cell lysates revealed the assembly of this antiviral factor into HMM complexes ([@B81])*.* Interestingly, mass spectrometry of immuno-purified HMM complexes identified a multi-subunit ribonucleoprotein complex ([@B78],[@B79],[@B82]) containing various RNAs such as A3G mRNA, and HIV-1 Gag mRNA in infected cells ([@B79])*.* Interestingly, Vif induces conversion of A3G low molecular mass complexes to presumably packaging-incompetent HMM complexes in cells ([@B81],[@B83],[@B84]). Beside Vif activities in A3G degradation ([@B11],[@B17],[@B18],[@B20],[@B21],[@B85]) and inhibition of A3G translation ([@B24; @B25; @B26]), this sequestration mechanism would represent another mechanism to limit the antiviral effect of A3G. Taken together, our results indicate that Vif multimerization could be important for functions involving RNAs, such as viral particle assembly and reverse transcription or A3G binding and degradation ([@B49],[@B86])*.* Thus, dissecting the molecular mechanisms regulating Vif--RNA interactions, including protein oligomerization, could provide novel targets for rational drugs design against HIV-1. Finally, the analysis of wild-type and mutant Vif proteins performed in this study provide information about the multimerization stage, the presence of unfolded regions, and the binding to ligands that are crucial for any attempt to solve a 3D protein structure by NMR or X-ray crystallography.

FUNDING
=======

French 'Agence Nationale de Recherches contre le SIDA' (ANRS to J.-C.P. and R.M.); French Ministry of Higher Education and Research and of SIDACTION, fellowships (to G.M.). Funding for open access charge: French 'Agence Nationale de Recherches contre le SIDA' (ANRS).

*Conflict of interest statement*. None declared.

We thank Bernard Lorber (Architecture et Réactivité de l'ARN, Université de Strasbourg, CNRS) for fruitful discussion on DLS experiments.

[^1]: The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

[^2]: The maximum fluorescence quenching, *Q*max, the cooperativity parameter, ω, and the equilibrium dissociation constants, *K*~d~ were obtained as described under 'Materials and Methods' section.

[^3]: ^a^Mean ± SD of at least three experiments.

[^4]: ^b^Binding parameters relative to wild-type Vif protein and genomic RNA fragments were published earlier in reference ([@B35]).

[^5]: Determination of the apparent dissociation constants (*K~sca~*) of Vif proteins was realized using the Scatchard model ([@B66])

[^6]: ^a^Mean ± SD of at least three experiments.

[^7]: ^b^Binding parameters relative to wild-type Vif protein and RNA/DNA oligonucleotides were previously published in reference ([@B35])*.*

[^8]: Equimolecular amounts of nucleic acids were added to wild-type Vif protein (*R* = 1). Spectra were corrected for nucleic acids ellipticity.
